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Alternative fuels research at LAE

Aim of research program:

Evaluation of various feedstock to fuel pathways for producing drop-in
fuels for aviation in terms of overall sustainability

Sustainability metrics considered

* (Climate impacts

* Air quality and public health impacts
* \Water impacts

 Land usage

* (osts of production

Research on alt fuels presented today funded under the PARTNER
COE
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Feedstock and pathway scope In research program
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GHG analysis — Current state of the analysis

Palm Oils to HEFA-J (LUC P3) - —“+—
Soy Qil to HEFA-J (LUC S2) Y
Algal Oil to HEFA-J (DE) - t
Coal to FTJ (w/o CCS) H —_—
Palm Oils to HEFA-J (LUC P2) ——
Natural Gas to FTJ — t
Rapeseed Oil to HEFA-J (LUC R1) — —_
Soy Oil to HEFA-J (LUC S1) —
Coal to FTJ (w/ CCS) — ——
Corn AFJ — -+
Coal/Switchgrass to FTJ (w/ CCS; LUC BO) — _—
Rapeseed Oil to HEFA-J (LUC R0) — —
Coal/Switchgrass to FTJ (w/ CCS; LUC B1) - _—t
——
+
—+
+
_|_
_|_
_|_

UER

— Aleuiwa

Salicornia to FTJ and HEFA-J (LUC HO) —
Palm Oils to HEFA-J (LUC P1) <
Jatropha Oil to HEFA-J -

Camelina Oil to HEFA-J —

Soy Oil to HEFA-J (LUC S0)

Algal Oil to HEFA-J (WE) -

Palm Oils to HEFA-J (LUC PO) -
Switchgrass AFJ (LUC BO)

9112 10 910nb j0U Op

Switchgrass to FTJ (LUC BO) —+
Salicornia to FTJ and HEFA-J (LUC H1) —+
Sugarcane AFJ | ———

Switchgrass to FTJ (LUC B1) |
/

T T T T T T T T —7

T T
0 1 2 56 7 8 91011

Life Cycle GHG Emissions
Normalized by Conventional Jet Fuel

Note: Non-CO2 combustion emissions not included

||“|- Source: Stratton et al. (2010) and ongoing research at LAE 6



Scope of today's presentation on production costs

I
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Approach

Bottom-up cost model using process modeling results for HEFA fuel
production

Model aims at estimating minimum selling price for HEFA jet fuel

Fuel producer perspective:

* All relevant costs for producer are taken into account (including
flnancing costs, taxes)

* Feedstocks are bought from open market and fuel products are sold
to airlines and other consumers

* Fuel producer requires certain rate of return in order to be willing to
invest into facility



Approach (ctd]

Minimum selling price estimated using Discounted Cash Flow Rate of
Return Approach (DCFROR): Model solved for the minimum selling price
defined as the jet fuel price at which the net present value of the project
cash flow equals zero at given internal rate of return.

Minimum selling price estimated for n-th plant operations

Minimum selling price defined as function of:

Capital costs [considering economies of scale])

* Financing costs (leverage, interest rate, etc.)

* Required internal rate of return

Operating costs

* Input costs (feedstock, fuels, electricity, water, labor, etc.]
Revenues

* Product slate [making diesel fuel, jet fuel, naphtha, etc.)

10



Baseline assumptions for DCFROR

Baseline DCFROR Assumptions Value (Range) and Units

Facility Size (2000-6500) BPD
Total Plant Investment (calculated) $
Working Capital (% of TPI) 5%
Equity 20%
Loan Interest 5.5%
Loan Term 10 yrs
Annual Loan Payment (calculated) $
Depreciation Period 10 yrs
Construction Period 3 yrs
% Spent in Year -3 8%
% Spent in Year -2 60%
% Spent in Year -1 32%
Internal Rate of Return 15%
Income Tax Rate 40%
Operating Hours per Year 8,400
Cost Year for Analysis 2010
Inflation 2%

Source: Pearlson (2011)

11



Process Modeling

O Temperature (F)
<:> Pressure (psia)
E Mass Flow Rate (Ib/hr)

o Source: Pearlson (2011)

Process Models
* Major equipment and utilities are identified for capital costs.

* Material and energy balances are determined for operating costs.

Uiy 12



Capital costs

Estimating Capital Costs:
Inside Battery Limits

Hydrotreator « (Capital costs are estimated from
Isomerizer process engineering handbooks
Hydrogen island -

Saturated gas plant using cost curve method, quotes
Outside Battery Limits from engineering firms, and

Storage, feed compared to other techno-economic
Storage, liquid products reports in the literature.

Storage, gas products

Cooling water tower

Offsites, greenfield * Financing costs (leverage, interest
Special costs rate, etc.) and the required internal
Contingency rate of return are based on current
Escalation _
Location factor market rates and used as variables

In sensitivity studies.
Source: Pearlson (2011)
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Operating costs

Estimating operating costs:
* Input costs are estimated using publicly available data.

* Raw materials, such as biomass and vegetable olls prices, are
obtained from the CME group and USDA Agricultural Research
Service.

* Utility costs, such as electricity, natural gas, and fuel prices are
obtained from the US DOE Energy Information Agency.

* (ther operating expenses, such as labor wages, insurance, are based
on economic models presented in petroleum refining handbooks.

ir y



Operating costs

Fixed Operating Expenses

Catalyst
Insurance
Local Taxes
Maintenance

$/1b feed

0.5% Total Plant Investment
1.0% Total Plant Investment
5.5% Total Plant Investment

Miscellaneous Supplies 0.2% Total Plant Investment
Plant staff and operators 12 staff @ §72k/yr

Contingency 10% of above subtotal
Variable Expense  Unit dyr Avg 20yr Avg  Max Min
Electric power (8/kWh) 0.06 0.05 007 0.04
Natural gas ($/10%1b)  373.18 233.15 461.93 139.65
Makeup water ($/10%1b) 0.04 004 004  0.03
Soybean oil (8/gal) 2.62 1.58 3.98 0.92
Hydrogen (8/1b) 0.66 054  0.68  0.41

Source: Pearlson (2011

15



Revenue

Revenue calculations

* Product volumes are determined from the process model and
experimental results in the literature.

* Market prices for fuel products are obtained from the US DOE Energy
Information Agency or determined in a break-even analysis.

* Price supports [(RIN values) are not reflected in the minimum selling
price.

Uiy e



Minimum selling prices

WLNG  ® Naphtha Jet Fuel & Diesel Fuel

- Product Slate 1
HEFA process results in Max Distillate

multiple fuels, including jet

fuel

Fuel product slate can be Product Slate 2

varied by changing H2 use

and operating conditions * : '
0% 20% 40% 60% 80% 100%

HEFA Product Slate Weight %
HEFA Fuel cost (S/gal)

$0.00 $1.00 $2.00 $3.00 $4.00 $5.00

Product Slate 1 Product Slate 2

1

HEFA fuel cost predominantly
driven by feedstock price

N
o
o
o

Maximizing jet fuel production
requires extra $0.25 to
$0.30 per gallon to break

6,500 [ =
even L . I\ Y !
Soybean Oil Upgrading Cost

III__ Source: Pearlson (2011) and Pearlson et al. (2012
1 7
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Facility Size (bpd)




Sensitivities

Facility Location —
_| Brownfield Greenfield
Discount Rate / IRR L
- 15% 25%

H2 Production

] Off-site On-site
Operating Ramp-up —
_ 100% 50% / 75% / 100% over 3 years
Operating Capacity _———
100% 50%
(50.40) $0.00 $0.40 $0.80 $1.20 $1.60

Increase in HEFA fuel cost ($/gal)

Operating capacity has the largest impact on HEFA fuel costs.
Need to ensure that there is adequate feedstock

Illil- Source: Pearlson (2011) and Pearlson et al. (2012) 18
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Algae HEFA jet fuel production cost model

* Addition of an algae growth and extraction cost model to
HEFA fuel production cost model

Algae growth and HEFA fuel
extraction model production model

|

Minimum selling price (gate] for algae-derived HEFA jet

v 20



Costing approach

Bottom-up cost approach using microalgae growth models
[photobioreactor optimization models) and HEFA jet fuel production model

Model aims at estimating minimum selling price for HEFA jet fuel from
algae oll

Producer perspective:

* All relevant costs for producer are taken into account (including
financing costs, taxes)

* (Costs of algae oil production are explicitly modeled

* Algae oil and fuel producer require a certain rate of return in order to
be willing to invest into facilities

Minimum selling price estimated using Discounted Cash Flow Rate of
Return Approach (DCFROR)

Same overall cost build-up in algae growth model as in HEFA fuel
production model

Minimum selling price estimated for n-th plant operations at pilot scale
(137 bpd fuel output)

21



Growth Systems considered

> Marvest outet

15m

25m

Open Raceway Pond Vertical Flat Panel PBR

Airlift system

> Solar
receiver

19.0 m

Horizontal Tubular Vertical Tubular

Serpentine PBR Serpentine PBR
Mir o2



Microalgae analysis framework

Algae érowth, CO, or flue gas
Recovery & Extraction
=3 > < »
) Algae Oil HEFA HEFA Transportation ~ Jet Fuel
: Movement Production and Blending Combustion
Opeh Racway Vertical and Horizontal ~ Vertical Flat
| Ponds Serpentine Tubular PBRs Panel PBRs )
Recycled | =
2 CO,, Water, ~~ sl Nt | a
O i issolved Air Centrifuge/ ©
S — and Nutrients Flotation/Clarifier ;er}tr;:ﬁ%er Ko
O <
o
Ll
Biomass
Biogas Heat/CHP Two-stage Extraction
Anaerobic Digestion
v
Other Liquid Fuel Products 03

U
UIT (Energy Allocation Method)



Cost data sources and uncertainties

Component scale, and material and energy inputs are determined through
optimization model

Capital cost estimations for components are determined from vendor
guotes and from refining literature

Variable operating costs for inputs are taken from publicly available time-
series data

Fixed operating costs are determined from plant economics literature
and industry advice

Uncertainty in terms of actual costs is captured through three cost
scenarios (low, baseline, high]

24



Production costs and GHG emissiaons

10 -
O ] "
—— iy —$300/gal
| B Open Pond Dry
—~ 1 B Open Pond Wet
= A H.Tubular Dry
é *_' A H.Tubular Wet
v —$30/gal
‘é -— ® VTubularDry
e 0.1 1 @ V.Tubular Wet
o
T 2 f=====f===F=4=4=Fidg4=====d==cf=d=4=t3344 , " ¢ FlatPanel Dry
- | 1
° i € Flat Panel Wet
- oo e e e s e o o e + —$3/gal
e iututets futated ik b e bk EEEEES ELLd B EE R : E | O Flat Bag Wet
0.01 e o Flat Bag Dry
o9 :
B ----Conv. JP-8
!
LN
: i E —$0.3/gal
1 1
0.001 | A |
1 10 100 1000

Source: Carter (2012) LCA GHG (g'coze/MJHEFA)
Notes: AssumedJP-8 Gate Price Ranges (1.00, 3.00, and 5.00 $/gal) and JP-8 LCA GHG Emissions (80.7, 87.5, and
109.3 g-CO,/MJ, gray) Ranges Variability Bars Represent Low and High Scenarios

i Results are for a pilot scale facility (i.e. 137 bpd) =0
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Approach

Top-down cost estimations using publicly available information on
(projected and/or actual) capital and feedstock costs for F-T facilities using
different feedstocks:

« CTL
« GITL
« BITL
« CBTL

Analysis aims at understanding impact of “real-world” production
conditions and scenarios on production costs

Particular emphasis is placed on economies of scale in F-T technologies.

“Scoping exercise”

27



Escalating cost estimates

Recent Industry Experience

| Project "70% Complete"
5250,000 | === Pearl GTL(Shell)
=[} -Palm GTL(Exxon)
p— — +
'g- $200,000 Escravos GTL(Chevron)
0 J
_‘Z Contracts Renego
2 .
7 - Engineering Complete
S 5150000 - A
Q Project Cancelled
o ] — | Start-Up
©
S $100,000 Contracts Awarded -
g ] / y Ground Breaking
2 1| Agreement Signed with | | EPC Contracts Awarﬁ Bids Received - Final
] Nigeria /é / Investment Decision
$50,000 y
| Feasibility Study :lao'::jscllgr:ed, Agreement Signed with
$0 1 Undertaken . th & atar Qatar

1996 1998 2000 2002 2004 2006 2008 2010 2012
Year

.. Source: Bredehoeft et al. (2011)
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Capital costs per barrel of capacity

Constructed and proposed F-T facilities

$800,000 CHOREN Beta BTL 20 F-T plants
eta
$700,000 0o y = 1,532,710.066x°-227 6 GTL: 4@ 1 1 |:|
' R? = 0.450 .
- T 6 CTL: 2M 2@ 2@
© $600,000
g | 5BTL: 1IM3® 1®
g 500,000 A 3 CBTL: 3®
=4 .
< $400,000 N Eseravos-GTL
(7]
S \ Secunda 2 CTL
= $300,000 A /—
."é_
8 $200,000 |y = 1,735,259.156x0246
R%=0.406
$100,000 ~
5 Oryx GTL ~€—— ¢ Pearl GTL
100 1,000 10,000 100,000
Capacity (bpd)
. R Source: Updated analysis|from
Pearl GTL Oryx GTL Carter et al. [201 ,I]
= Shell MDS A Palm GTL
X Mossgas GTL O Escravos GTL
Secunda 2 Secunda 3
4 Clinton Project O Gilberton Coal-to-Clean Fuels and Power Co-Production Project
X Kreutz-CTL-OT-V X Kreutz-CTL-RC-V
[J Rentech Gulf Coast Synthetic Energy Center A Ohio River Clean Fuels
A CHOREN Sigma Plant O Rialto Renewable Energy Center
O GreenSky + Kreutz-BTL-RC-V & Completed
Cancelle
A CHOREN Beta Plant B Project Mafutha O Under construction
III! - ——Power (All Greenfield Projects) ===power (Constructed Greenfield Only) ® Propose og
| ® Theoretical



Economic scenarios examined

\ S0/tcf SO/tcf S0/ton S0/ton
Feedstock Cost  Baseline : $4.50/tcf $4.50/tcf $15/ton ] $85/ton
High : S12/tcf S$12/tcf $150/ton ] $120/ton
Low ( $44,000/bpd  $32,000/bpd  $37,000/bpd  $68,000/bpd :

Capital Cost Baseline | $137,402/bpd $102,180/bpd $115,861/bpd $213,510/bpd

High $261,000/bpd $192,000/bpd $228,000/bpd $408,000/bpd

~

Plant Size [ 30,000bpd 100,000 bpd 60,000 bpd 5,000 bpd

J
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F-T fuel price vs. emissions

Breakeven price for low/baseline/high cost cases

=@ CTL Breakeven Price Range

250 I

Low Baseline
Cost Cost Case Cost =M@= BTL Breakeven Price Range

High == GTL 30k Breakeven Price Range

UERL

Case Case —H— Conventional Petroleum Product Price

@
200 - Range
==>K . X CBTL (5%) Breakeven Price
o+

+ CBTL (10%) Breakeven Price

— Aeuiw

CBTL (25%) Breakeven Price

150

il

CBTL (50%) Breakeven Price

(W]
0]

= @ : CTL w/CCS Breakeven Price Range
X

CBTL (5%) w/CCS Breakeven Price

=

o

o
I

B +  CBTL (10%) w/CCS Breakeven Price

Emissions (gC02e/MJ)

0 CBTL (25%) w/CCS Breakeven Price

9112 10 ?jonb jou op

*+@-- CTL Emissions Scenarios

50
D *+Q-- GTL 30k Emissions Scenarios

++@-° BTL Emissions Scenarios

[ ‘ ! } * *@¢° * Conventional Petroleum Emissions

0 : : : : : T .
Scenarios
$0 $50 $100 $150 $200 $250 $300

Barrel of Product Price ($/bb) -m
Oil price, $/bbl 50
Source: Bredehoeft et al. (2011) Crack spread 10% 20% 40%
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Next steps In costing work
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